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INTRODUCTION

The ANSI Z90.1-1971 (1971) method, called out in Military Specifica-

tion MIL-H-43925 (DA 1975) and currently used by the US Army for evalu-
ating the impact attenuation performance of prospective aircrew helmets,
relies primarily on peak G as a pass-fail criterion. A candidate helmet
is attached to an instrumented metal headform and dropped from a height
yielding 95 joules of input energy onto a 4.8-cm radius steel hemisphere.
Helmets which prevent the peak acceleration experienced by the headforrn
in such impacts from exceeding 400 G meet the Army standard for impact
performance and qualify for use by Army aircrewmen. However, based on
the incidence of head injury in survivable Army aircraft accidents, it
can be questioned whether or not the current Army standard adequately
reflects hum n tolerance limits to head impact. This paper will attempt
to answer that question.

To date, efforts to define human tolerance to head impact have been
confined, necessarily, to studies involving animals or human cadavers.
However, in 1972 the Army's establishment of the Life Support Equipment
Retrieval Program provided a unique opportunity to research directly
human tolerance limits to head impact. Since 1972, helmets involved in
Army aircraft accidents worldwide have been retrieved for laboratory
analysis. If it is assumed that the damage seen in a retrieved helmet
accurately reflects the force experienced by the wearer's head in the
crash situation, then those force levels can be identified by duplicat-
ing that degree of damage on a similar helmet under controlled conditions.
By comparing force levels to resulting head injury, human tolerance
limits to head impact can be defined.

MATERIALS AND METHODS

A total of 12 SPH-4 helmets was selected for impact damage simula-
tion from those flight helmets analyzed in the retrieval program to date.
Two of the helmets had received two impacts each; however, neither of the
helmet wearers received head injuries from the impacts, so each impact
was considered independent of the other for a total of 14 impact cases.
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These 12 simulation hel1mets weO So sk'L ted l"eCaUSe the imlpact was not a
gl anc ing blow; th US al 1 1 hed illit nJ 'r , IS 10 Uss hte to V 0v reS u1 ted p rima ri -
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since some relative imovement s os hi etween tile helmet and head
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of t he t h roe 0a C cc I ronx et or si (I no] Is wa,, then t ran smi tt ed to the hybri d
C, 2iiteŽi , mu i ('11 COinjU ted the valutes of peak G, Sever'i ty Index (SI ) as
described by Gadd (1P66) , and Head Injur ' Criterion (HIC) as definred by
CThou and Ny( LiISt ( 1,U374) . 1 ot- a] eioht nof the head form! and ca rri age Was
5 kg.

Thle ho 1 meted head formi was then droppeI)d on0.o an imipar hi n surface
that had been sel ected to reproduce the type of damage seen onl
the retrvie ved hel1 net. Some hielmlet.S reg(u ilred a concave imnia ct surface
to dn p ic ate the a rea of coup res si on seen in thle foam hel1 nt liiner.
These concave impact surfaces wer'e prepared by taking an impression of
the hle1met shellI at thle imipac t si te us inrg dental cemnen t These cenlien t
impressions were then used as impact Surfaces. Three piezoelectric
force transducers (Kistler type 9021 )* were positioned beneath thle impact
surface as shown in F i gure 2. The drop ne i ht was var'ied until the.
damage() pr-OdL Ced in til e duplic)1ate hle 1ict ma tched that of- tihe ret r ieved
he I mlet

Damage was assumed to have been duplicated when a) tihe amount of
b~ending in the six suspension strap anchor clips was duplicrated, as
shown in Figure 3; b) thie area and maximum deflection of the foam helmet.
Iliner was duplicated, as shown in Figure 4, and c) the degree of fracture

F IGUPRF 3. The AMOunt. of henning, intheO Six SU'Ispen-
sion strapl inchlor (,lips was duplicated for eachr of
tile 14 cases.

SKIAG Swiss, Ki stler Instrumenlte AG, C1L(, 408, Winterhor'U,'
swit~zer land.
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I

Lninr, Compression N. .•
Lerompression .1i Caos# 0 *I

Case# 8 ! . .,-(Duplicated)

FIGURE 4. Helmet liner damage was duplicated by match-
ing the area and maximum compression produced in the
test helmet liner with that of the retrieved helmet
liner. Maximum compression was duplicated to within a
few thousandths of an inch.

in the fiberglass helmet shell, as shown in Fi'ure 5, matched that of
the retrieved helmet. Acceleratior; vs. time and force vs. time traces
were recorded for each impact and are shown in Figure 6. A description
of head injuries associated with any of the 14 cases was obtained by
reviewing the official accident report supplied by the US Army Safety
Center. Ail head injuries were assigned a severity value using the
Abbreviated Injury Scale (AIS) (1976).
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FIGURE 5. The degree of fracture in the fiberglass
helmet shell was duplicated for those cases in which
shell fracture occurred.
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RESULTS

A description of head injuries, of conditions required to dupli-
cate helmet impact damage, and of the data recorded for each of the 14
cases is shown in Table 1. Only three of the 14 cases required an im-
pact surface more severe than that of a flat surface to duplicate
the helmet damaqe. In all eight cases involvinq head injury, the
foam helmet liner was not compressed to the maximum extent possible.
Only in case No. 5 did head injury result from the impact surface pene-
trating the helmet shell. All three cases in which fracture occurred
involved forcing the head down against the spinal column resulting in
either basilar skull fracture or fracture of the first cervical vertebra.

The peak acceleration judged to have been experienced in the 14

cases comprising this study, based on the best damage duplication, is
shown in Figure 7. Head injury occurred well below the 400-G criterion
currently used by the US Army in evaluating the impact performance of
prospective aircrew helmets.

SI and HIC values were calculated for each of the 14 cases and are
shown in Figure 8 and 9 respectively. Concussive head injuries occur-
red at SI values below 1500, which is the value currently used as the
concussive threshold by NOCSAE in evaluating the impact performance of
football helmets. Concussive head injuries also occurred at HIC values
below 1000, which is the value currently adopted by the Department of
Transportation (DOT) in Federal Motor Vehicle Safety Standard No. 208
(1972) for occupant crash protection tests as the limit of human toler-
ance for impact to the unprotected head.

DISCUSSION

The low incidence of penetrating types of head injuries among Army
helicopter crash victims appears to be due primarily to a) an absence of
sharp, rigid cockpit surfaces, and b) the effectiveness of the SPH-4
aviator helmet as a load-spreading device.

On the other hand, the energy-absorbing capability of the helmet
appears inadequate based upon the high incidence of concussive types of
head injuries observed, This deficiency can have disastrous effects, as
seen in cases 4 and 6 where basilar skull fracture occurred as a result
of the helmet transmitting, rather than absorbing, the impact force.
Recent in-house studies (unpublished) have shown that the energy-absorb-
ing ability of the helmet can be more than doubled by simply increasing
the thickness and decreasing the density of the foam helmet liner.

12
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FION] CROWN SACK SIDE injuries.
CASES BY IMPACT LOCATION

ihe pass-fail criterion currently used by the Army to evaluate the
impact performance of prospective aircrew helmets does not appear related
to human tolerance limits to head impact. In seven of the eight cases
in which head injury did occur, a helmet permitting the peak acceleration
experienced by these individual heads would have passed the current Army
impact performance standard set at 400 G as shown in Figure 7. It would
appear that the pass-fail criterion currently used by the Army selects
helmets which, for the most part, prevent death in crash situations but
certainly do not prevent concussive head injury. Considering the poten-
tially hostile post-crash environment--such as fire, drowning, and cap-
ture--the injury level permitted by the current pass-fail criterion is
unacceptable, To be effectivP in selectina aircrew helmets to prevent
concussive head injuries in survivable helicopter crashes, the pass-fail
criterion should be set at no higher than 150 G, as can be seen in Fig-
ure 7, Even though Snively and Chichester (1961) reported that man can
withstand helmeted head impacts exceeding 450 G, he was referring to
surviving the initial impact only, not a helicopter post-crash enviror-
nlent. Based on case No. 4, where a fatal head injury resulted from a
peak acceleration of 415 G, it can be questioned whether or not even an
initial impact of 450 G could be survived with any degree of certainty.
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Swearingen (1971) duplicated the impact conditions involving the
crash of a military helicopter. He reported that the pilot involved
received a frontal head impact and experienced a peak acceleration of
435 G without sustaining any head injury. Even though differences exist
between individuals in their tolerance to head impact, it seems highly
unlikely that very many individuals exist who could withstand head accel-
eration of this magnitude without experiencing at least concussion. As
shown in Figure 7, the peak acceleration associated with all eight cases
involving head injury in this study fell below 435 G. In particular,
cases 6 and 14 were frontal impacts in which very severe head injuries
resulted (AIS value 5) from peak accelerations of 322 G and 355 G, re-
spectively.

The values of peak transmitted force were recorded for each of the
14 cases in an attempt to validate the value of 5000 lb (22.3 kN) cur-
rently specified in British Standard 2495 (1960) as the limit of sur-
vivability for helmeted head impacts. As shown in Figure 10, the one
case of fatal head injury occurred at a peak transmitted force of 2982
lb (13.3 kN). In addition, severe head injury occurred (AIS value 5)

IftillI$H $TANDARD 2495
00 PASS-FAIL CRITERION

4300

4000"

3300.

0ý 3000 I
zI2500i l
S2000=

FIGURE 10. Peak transmitted 1,o0

force values for the impact 0 1I
best duplicating helmet damage 1000 0 o
for each of the 14 cases. Solid
bars represent cases in which S00

head injury resulted from the
impact. Cases 6, 14, 1, and 4 CASE NO 2131012614 3 9 ,1 4 5 7 1 4

had an AIS value of 5 with caseFoT CROWN SACK SIDE

4 being fatal. CASES BY IMPACT LOCATION

16 H ICE 0 9050/1
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in cases 6, 14, and I at peak transmitted force values of 3839 lb (17.1
kN), 3317 lb (14.8 kN), and 2246 lb (10 kN) respectively. It would
appear that a peak transmitted force value of 5000 lb exceeds the limit
of survivability.

To what extent the Sl value of 1500 or the HIC value of 1000 should
be lowered to increase its effectiveness as a predictor of concussion is
difficult to establish on the basis of only 14 cases. Continuing this
research effort on helmets as they become available should help to define
these concussive threshold values.

]Ii
CONCLUSIONS

To be effective in selecting aircrew helmets to prevent concussive
head injuries in survivable helicopter crashes, the current pass-fail
criterion of 400 G should be reduced to 150 G. While the SPH-4 aviator
helmet adequately protects against penetrating types of head injury, its
energy absorbing qualities do not adequately protect against concussive
head injuries. The severity of impact surfaces encountered by US Army
aircrewlmen in survivable helicopter crash situations seldom exceed that
of a flat surface. An SI value of 1500 and an HIC value of 1000, current-
ly used as concussive thresnold values by IIOCSAE and DOT, respectively,
exceed the level at which concussion occurs.

17
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